Abnormal central hemodynamics is an independent risk for cardiovascular disease, 1 and the augmentation index (AI) and central blood pressure are markers of the central hemodynamics. 2, 3 The AI reflects the ratio of the forward pressure wave and the reflected pressure wave and can be used to estimate the central blood pressure. [1] [2] [3] Recently, peripheral AI, such as the radial AI, has been used as a surrogate marker of central hemodynamics because it is closely correlated with central AI. [4] [5] [6] [7] Among the risks for cardiovascular disease, age is an important factor influencing the AI. The effect of age on the AI differs between young adults and the elderly, and the AI reaches a plateau over the age of 60 years. 5, 7, 8 Accordingly, the AI is thought to predict cardiovascular outcome more effectively among young adults than among the elderly. 6 Although the underlying mechanisms of this AI plateau have not been fully clarified, plausible mechanisms include (i) impedance mismatching between the conduit elastic and the peripheral muscular arteries 8,9 and (ii) difficulty in identifying the shoulder of the waveform. 9 On the other hand, blood pressure is also an important factor influencing the AI. 4, 5 The ACCT III study demonstrated that the effect of blood pressure on the AI is more marked among young adults than among the elderly. 4 Conduit arterial stiffness and peripheral reflectance are major determinants of the AI. 2,3 It might be possible that high blood pressure also causes impedance mismatching in arterial tree. 8, 9 On the other hand, age and blood pressure are known to be independently associated with the AI. 4, 5, 7 When hypertension is treated, the reduction of the blood pressure improves the AI without changing the pulse wave velocity, a marker of conduit arterial stiffness. 10,11 These findings suggest that the effect of elevated blood pressure on the AI is significant even in patients with a high blood pressure. However, these issues remain to be clearly elucidated. Furthermore, although increase of the conduit elastic arterial stiffness is also observed in patients with a high AI, 2,3 it has not been clarified whether the effects of age and elevated blood pressure on the AI are significant in patients with a high AI.
background
The effect of age on the augmentation index (AI) differs between young adults and the elderly, and the AI reaches a plateau after the age of 60 years. We examined whether the effects of age and an elevation in blood pressure on the AI differ between young adults and the elderly, between subjects with and without high blood pressure, or between subjects with and without a high AI.
methods
The radial AI was measured in 10,190 subjects who were either healthy or had hypertension (n = 5,477 men and 4,743 women).
results
In both sexes, a phased increase in the radial AI with age could only be confirmed up to an age of 60 years. A phased increase in the radial AI with the systolic blood pressure (SBP) could be confirmed up to an SBP of >170 mm Hg. Among subjects categorized within the highest age tertile, the highest SBP tertile, or the highest radial AI tertile, stepwise multivariable analyses demonstrated that SBP, but not age, was a significant independent factor influencing the radial AI.
conclusions
The effect of age and blood pressure on AI differ not only between young adults and the elderly but also between those with and those without high blood pressure or between those with and those without a high AI. The effect of an elevation in blood pressure, but not aging, on the AI is significant in the elderly, in subjects with high blood pressure, or in those with a high AI.
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METHODS

Study cohort
The study subjects consisted of two cohorts. The first cohort consisted of subjects who visited the Health Screening Center of Tokyo Medical University, and the second cohort consisted of subjects from the ABC-J study. The clinical characteristics of both cohorts have been described elsewhere 5, 12 and are briefly summarized below.
Health screening cohort. This study cohort (n = 8,595) consisted of subjects who underwent a health screening examination at the Health Care Center of Tokyo Medical University between June 2006 and November 2007. 5 In this cohort, in addition to a routine health checkup that included an evaluation of cardiovascular risk factors, the radial AI was also measured. Written informed consent was obtained from all participants before these measurements. The study was conducted with the approval of the Ethical Guidelines Committee of Tokyo Medical University.
ABC-J study cohort. Japanese patients with essential hypertension who had been receiving a stable dosage of antihypertensive medication for at least 3 months and for whom the required medical data, including radial artery tonometry-derived parameters relating to central blood pressure, were available were asked to participate in the ABC-J study (n = 4,077). 12 The study protocol was approved by the institutional review board of each ABC-J center. All participants were informed of this study procedure and consented to the use of their medical data.
Measurements
Augmentation index. Measurements of the blood pressure and radial AI were conducted after the subjects had rested for 5 minutes in a sitting position. The blood pressure was determined in the right upper arm using the oscillometric method (HEM-907; Omron Healthcare, Kyoto, Japan). Immediately after this measurement, the left radial arterial waveform was recorded using an arterial applanation tonometry probe incorporating an array of 40 micropiezo-resistive transducers (HEM-9010AI; Omron Healthcare). The HEM-9010AI device was programmed to automatically determine the pressure of the radial artery to yield the optimal radial arterial waveform. 5, 12, 13 Then, the first and second peaks of the peripheral systolic pressure (SP1 and SP2) and peripheral diastolic pressure (DBP) were automatically detected using the fourth derivatives for each radial arterial waveform, and averaged. The radial AI was calculated as follows: (SP2 − DBP)/(SP1 − DBP) × 100 (%). 5, 12, 13 We previously reported a good reproducibility of the radial AI between visit 1 and visit 2 (Pearson's correlation coefficient = 0.95; P < 0.01; coefficient of variation = 3.2%). 5 Laboratory measurements. Low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, triglycerides, fasting plasma glucose, and serum creatinine levels were measured using enzymatic methods. All blood samples were obtained in the morning after the patients had fasted overnight.
Statistical analysis
Data were expressed as the means ± SDs. Univariable linear regression analyses were used to assess the correlations between the radial AI and other variables. A general linear model univariable linear regression analysis was applied to assess the independency and interaction of the correlations. In addition, a step-wise multivariable linear regression analysis was conducted to identify the strength of the significance of the relationship of risk factors for cardiovascular disease with the AI. The mean radial AI for each age group (increments of every 10 years) or blood pressure group (increments of every 10 mm Hg) was compared with that of those at the previous level using a general linear model univariable analysis. All analyses were conducted using IBM/SPSS software for Windows, version 18.0J (IBM/SPSS, Chicago, IL). P < 0.05 was considered statistically significant.
RESULTS
Among 12,672 total subjects (health screening cohort: n = 8,595; ABC-J study cohort: n = 4,077), 1,288 subjects were excluded because of heart disease (n = 1,066) and/or cerebrovascular disease (n = 298). In addition, smoking history was not available in 771 subjects, and blood chemical data were not available in 423 subjects. Finally, the analysis was conducted in 10,190 subjects.
Changes in the radial augmentation index and changes in the relative number of the values of radial AI with an increase in age (10-year increments) or with an increase in systolic blood pressure (SBP; 10-mm Hg increments) are depicted in men ( Figure 1 ) and women ( Figure 2 ). The relative number of the values of radial AI was calculated as the value of the radial AI minus the standard (the standard was the mean value of the radial augmentation index in subjects aged <40 years or in subjects whose systolic blood pressure was <130 mm Hg). Among the men, when the age was expressed in 10-year increments, a phased increase in the radial AI with age and an increase in the relative number of the values of radial AI with age could only be confirmed up until the age of 60 years; no further increase in these variables was observed with further increases of age beyond 60 years ( Figure 1 ). On the other hand, when the SBP values were expressed in 10-mm Hg increments, a phased increase in the radial AI with the SBP and an increase in the relative number of the values of radial AI with SBP could be confirmed up to an SBP of >170 mm Hg ( Figure 1) . Thus, the increase in the radial AI with the SBP did not reach a plateau. Similar findings were observed in women ( Figure 2 ). Table 1 shows the clinical characteristics of the study subjects. The radial AI differed according to sex (data not shown); therefore, the analyses were conducted in both sexes separately. In univariable linear regression analyses, age and the mean blood pressure were significantly correlated with the radial AI in both sexes (age of men: beta = 0.382, P < 0.001; SBP of men: beta = 0.251, P < 0.001; age of women: beta = 0.422, P < 0.001; SBP of women: beta = 0.361, P < 0.001). The general linear model multivariable analysis demonstrated that age and SBP were independently associated with the radial AI after adjustments for confounding variables, and these associations exhibited a significant interaction in both sexes (Table 2) .
Age, SBP, and radial AI were divided into tertile ranges in both sexes (age of men: 20-45, 46-56, 57-90 years; SBP of men: 87-117, 118-130, 131-215 mm Hg; radial AI of men: 31%-71%, 72%-82%, 83%-128%; age of women: 20-42, 43-56, 57-91 years; SBP of women: 69-105, 106-122, 123-204 mm Hg; radial AI of women: 32%-79%, 80%-90%, 91%-147%). The results of stepwise multivariable linear regression analyses to assess the relationship of age and SBP with the radial AI in subjects categorized into high, middle, and low tertile ranges of age, SBP, or radial AI are shown in Table 3 . Stepwise multivariable analyses demonstrated that age and SBP were significantly independent variables for radial AI among subjects categorized in the middle or low tertile ranges of age, among those categorized in the middle or low tertile ranges of SBP, and among those categorized in the middle or low tertile ranges of radial AI in both sexes (Table 3) . On the other hand, among the subjects categorized into the high tertile range of age, the high tertile range of SBP, or the high tertile range of radial AI, SBP was a significantly independent variable for radial AI in both sexes. However, age was not a significant variable affecting the radial AI among subjects categorized into the high tertile range of age or among those categorized into the high tertile range of radial AI in men. In women, age was not a significant variable associated with the radial AI among subjects categorized into the high tertile range of age or among those categorized into the high tertile range of SBP (Table 3) . 
DIScUSSIOn
This cross-sectional study demonstrated that an elevation in blood pressure was significantly associated with an increase in the AI in not only the elderly but also subjects with high blood pressure or subjects with a high AI.
Several studies have demonstrated that, among the risk factors for cardiovascular disease, age and blood pressure are major factors associated with an increase in the AI, and these studies have also demonstrated a plateau in the AI beyond the age of 60 years. 5, 7, 8 O'Rourke described that the changes in the pressure waveform in patients with hypertension are similar to those seen with aging in his review. 9 On the other hand, the ACCT III study reported that age and blood pressure have an interactive effect on the AI, and the effect of the blood pressure on the AI is more marked in subjects aged <50 years of age than in those aged ≥50 years. 4 Even so, blood pressure had a significant effect on the AI in subjects aged ≥50 years in the ACCT III study. 4 However, the significance of the effect of blood pressure on the AI in subjects with high blood pressure has not been fully clarified. In addition, although the AI is increased along with aging or an elevation in blood pressure, no study has examined the difference in the effects of age and those of blood pressure on the AI between subjects with and without a high AI.
In addition to cardiac performance, the travelling speed of the pressure wave on the conduit arterial wall and the pressure wave reflectance of the peripheral arteries are major determinants of the AI. 2, 3 Impedance mismatching between the conduit elastic and peripheral muscular arteries is thought to be one of the underlying mechanisms responsible for the plateau in the AI at ages >60 years. 8, 9 In our study, the effect of age on the AI was also small (mostly not significant) in subjects with high blood pressure or in those with a high AI. Although our study did not measure the pulse wave velocity, a marker reflecting conduit arterial stiffness, the stiffness of the conduit elastic artery is increased not only in subjects with elevated blood pressure but also in those with a high AI. Therefore, the results of our study suggested that the effect of age on AI is attenuated even in patients with increased conduit elastic arterial stiffness caused by several factors other than aging. On the other hand, the effect of the elevation in blood pressure on the AI was significant even in patients with high blood pressure or those with a high AI. Thus, as compared with the mechanisms responsible for the increase in the AI related to aging, not only increased conduit elastic arterial stiffness through an elevation in blood pressure but also increased pressure wave reflectance of the peripheral artery may be a significant determinant for the increase in AI related to an elevation in blood pressure. The plateau in the AI at ages >60 years might support the concept that the AI is thought to predict cardiovascular outcomes more effectively in young adults than in the elderly. 6 On the other hand, in our study, the effect of blood pressure on the AI was significant even in the elderly, in subjects with high blood pressure, and in those with a high AI. Therefore, these results suggest that blood pressure control is important to improve the abnormal central hemodynamics in these subjects. Furthermore, Mitchell et al. reported that arterial stiffness, as assessed using pulse wave velocity rather than central blood pressure, was associated with an increased risk for a first cardiovascular event in the Framingham Heart Study. 14 However, the mean age of the study subjects in the Framingham Heart Study was 63 years, and only 32% of the subjects were being treated for hypertension. Thus, the effect of elevated blood pressure on the risk of cardiovascular disease, which is related to an increased AI, could not be fully clarified. Therefore, further study is needed to determine whether markers of central hemodynamics estimated using the radial pressure waveform are associated with an increased risk for cardiovascular events in subjects with hypertension.
The large arterial stiffness or amplitude of the reflected pressure wave was not measured in this study; therefore, it is difficult to elucidate the mechanisms underlying the differences in the effects of age and blood pressure on the AI based on the findings of this study. Furthermore, although radial pressure waveform analysis is an accepted method for estimating the central hemodynamics, 1,4-7 we did not measure the central hemodynamics directly.
Chirinos et al. demonstrated ethnic differences of the AI (i.e., lower values of central/radial AI in Asians than those in Africans and Hispanics matched for age), 6 and Thomas et al. suggested that other factors, such as environmental factors (including socioeconomic factors), geography, and/or climate, may also affect the central AI. 15 Thus, further study is proposed to examine whether the effect of elevated blood pressure on the AI may be significant in other ethnicities and/or other countries.
In 762 of the10,190 subjects in this study (7.5%), the value of the radial AI was >100%. The probable technical problems arising from the present approach of measuring the radial AI when the inflection between the SP1 and SP2 cannot be identified and/or the SP2 is greater than the SP1 (i.e., a radial AI >100%) have been considered. However, Sugawara et al. reported that the radial AI was significantly correlated with the carotid AI even in patients with a radial AI >100%. 16 Takenaka et al. reported that a radial AI of >100% was a risk factor for left ventricular hypertrophy. 17 Accordingly, in our study, age and pulse pressure were higher in the subjects with a radial AI ≥100% (n = 762) than in those with a radial AI <100% but ≥90% (n = 1,862; 59 ± 11 vs. 56 ± 12 years, P < 0.01; 57 ± 15 mm Hg vs. 52 ± 13 mm Hg, P < 0.01). Even after adjustments for age, the pulse pressure was higher in Data are mean ± SD unless otherwise noted. Abbreviations: AI, radial augmentation index; BMI, body mass index; Crnn, serum creatinine levels; DBP, diastolic blood pressure; FPG, fasting plasma glucose; HDL, serum high-density lipoprotein cholesterol; HR, heart rate; MedDLIP, medication for dyslipidemia; MedDM, medication for diabetes mellitus; MedHBP, medication for hypertension; SBP, systolic blood pressure; SP 2 , second peak of the radial pressure waveform; TC, serum total cholesterol; TG, serum triglycerides. Covariables were height, body mass index, smoking, heart rate, serum total cholesterol, high-density lipoprotein cholesterol; serum trigylcerides, serum creatinine levels, fasting plasma glucose, medicination for dyslipidemia, medicination for diabetes mellitus, and medication for hypertension.
Abbreviations: AI, arterial index; B, nonstandardized coefficient; SBP, systolic blood pressure; SE, standard error.
Table 3.
Results of stepwise multivariable linear regression analyses conducted to assess the relationships of age and systolic blood pressure with the radial augmentation index in subjects categorized into high, middle, and low tertile ranges of age, systolic blood pressure, and radial augmentation index Covariates: Height, BMI, Smoke, HR, TC, HDL, TG, Crnn, FBG, MedHBP, MedDM, and MedDLIP Covariables were height, body mass index, smoking, heart rate, serum total cholesterol, high-density lipoprotein cholesterol, serum trigylcerides, serum creatinine levels, fasting plasma glucose, medicination for dyslipidemia, medicination for diabetes mellitus, and medication for hypertension. Abbreviations: B, nonstandardized coefficient; beta, standardized coefficient; ChR 2 , changes of R 2 in stepwise analysis; rAI, radial arterial index; SBP, systolic blood pressure; SE, standard error. the former group than in the latter group. Thus, the radial AI, even if its value is >100%, may reflect some pathophysiological abnormalities related to vascular damages. The effects of age and blood pressure on the AI are different not only between young adults and the elderly but also between those with and without high blood pressure and between those with and without a high AI. Although the effect of age on the AI is not significant in the elderly, in subjects with high blood pressure, or in those with a high AI, an elevation in blood pressure is significantly associated with a high AI in those subjects.
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